Explosive blast-induced mild traumatic brain injury (mTBI), a "signature wound" of recent military conflicts, commonly affects service members. While past blast injury studies have provided insights into TBI with moderate-to high-intensity explosions, the impact of primary low-intensity blast (LIB)-mediated pathobiology on neurological deficits requires further investigation. Our prior considerations of blast physics predicted ultrastructural injuries at nanoscale levels. Here, we provide quantitative data using a primary LIB injury murine model exposed to open field detonation of 350 g of high-energy explosive C4. We quantified ultrastructural and behavioral changes up to 30 days post blast injury (DPI). The use of an open-field experimental blast generated a primary blast wave with a peak overpressure of 6.76 PSI (46.6 kPa) at a 3-m distance from the center of the explosion, a positive phase duration of approximate 3.0 milliseconds (ms), a maximal impulse of 8.7 PSI × ms and a sharp rising time of 9 × 10 −3 ms, with no apparent impact/acceleration in exposed animals.
Introduction
Blast exposure leading to traumatic brain injury (TBI) is recognized as a risk for subsequent cognitive and behavioral disorders as well as chronic neurodegenerative diseases [1, 2] . During the conflicts in Iraq and Afghanistan, the focus on severe and penetrating brain injuries shifted to the more prevalent mild TBI (mTBI) [3, 4] . During 2000-2016, the Department of Defense's report (as of Jun 30, 2017) indicated that the vast majority (82.4%) of TBI was classified as mTBI/ concussion [5] . Patients with an mTBI score 13-15 immediately post injury on the Glasgow Coma Scale (GCS), with the absence of abnormalities on computerized tomographic scanning [6] . Blast-induced mTBI may not be detectable using conventional imaging techniques, and immediate neurological signs and symptoms are usually transient while later chronic disorders occur in some individuals. Opportunities for early diagnosis and treatment are thus limited [3] and later development of post-traumatic stress disorder, other mental disorders or neurodegenerative diseases may result in lifelong disabilities [1, 7, 8] . The pathogenesis and prevalence of primary blast injury which may cause later chronic effects of mTBI remain controversial.
Experimental animal models using shock tubes have provided some valuable insights into blast imjury mechanisms [9] . The underlying mechanisms of blast effects are based on the nature of the energy (physical force) transmitted and transduced across all spatial scales of brain tissue [10, 11] . A primary blast wave (or overpressure), with an immediate and sharp change in pressure, travels through a medium (e.g., air) and interacts with the brain, mainly through the direct passage of the blast wave through the skull and the transfer of kinetic energy from the primary blast wave into the brain [7, 12] . The blast wave induces sudden changes in intracranial pressure that result in shear stress, particularly at the interfaces between various cellular and subcellular structures within the brain [7] . Currently, only a few reports have used open-field explosions to study the blast injury [9, [13] [14] [15] . Open-field blasts generate a Friedlander waveform with a fast rise time and replicate the interactions between the primary blast overpressure and a shock wave reflection that bounces from the ground. The resulting amplification of the primary overpressure due to 'ground bounce' characterizes high-energy open-field explosions and is seeen in our current model [16] .
An understanding of blast physics is key to providing insight into injury mechanisms [17] . Among possible injury mechanisms, stress and strain in brain tissue may be caused by the direct cranial transmission of the blast energy or pressure wave [11, 18, 19] . In 2012, Kucherov et al. [18] proposed a novel phonon-based physical model to explain a potential cause of primary blast injury. The phonon is a quantum of energy or atomic vibration. Based upon water contents of the brain and cerebral spinal fluid, the Kucherov model predicted that blast-induced brain tissue damage would occur at nanoscale levels, in which subcellular injuries are expected to occur at the 30-200 nm range. Energy unloading takes place within microseconds of shock wave passage, in contrast to the milliseconds of impact acceleration injury [18] .
Most blast-induced TBI studies have involved relatively high intensity blasts, resulting in a range of moderate to severe TBI with varying mortality rates [9] . The present study used open-field low intensity blast (LIB) to study behavioral effects associated with primary blast wave exposure. Behavioral and functional assessments, as well as neuropathological and transmission electron microscopy (TEM) methods were used to test the hypothesis that primary blast wave exposure could cause ultrastructural damage suggested by the prior physical modeling [18, 19] . We observed ultrastructural brain damage and associated behavioral disorders resulting from primary LIB exposure in the absence of impact or acceleration. This report defines clear associations between fine structural alterations and behavioral disorders following LIB exposure. Insights gained may provide novel avenues of prevention and treatment toward subcellular brain injuries related to primary blast exposures.
Material and methods

Animals
A total of seventy-two male C57BL/6J mice (The Jackson Laboratory, Bar Harbor, ME) at age 2 months old were housed with a 12-h light/dark cycle and given unrestricted access to food and water. Body weight was measured weekly. Four mice were housed in one cage with a single cotton pad. Mice were randomly selected in experimental groups which were double-blinded to investigators analyzing experimental outcomes. All procedures were in accordance with the University of Missouri approved protocols for the Care and Use of Laboratory Animals and ARRIVE guidelines.
Open-field LIB setting
LIB exposures were conducted between 10 A.M.-12 P.M. during spring and fall seasons at the Rock Mechanics and Explosives Research Center at the Missouri University of Science & Technology during moderate weather conditions. Environmental conditions were recorded for later potential replication. As previously reported, an experimental setting for open-field LIB was used (Fig. 1A) [9] . Mice were placed in a prone position 3-m, 4-m, and 7-m distances away from the explosive in animal holders on a platform facing the explosive source with their head and body longitudinally oriented along the direction of shock wave propagation. No constraint was applied on the animals. Sham group underwent identical procedures as blast groups only without blast exposure. Further details are provided in the Supplemental information (SI) Materials and methods. Simulation of the blast shock waves based on the recordings of the pencil pressure gauges at the 3-m distance. The shockwave structure passing the 3-m platform location is relatively complex, and modest changes in the modeling or geometry can affect the magnitude and structure of the second ('ground bounce') peak.
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Tissue processing, histopathology and immunohistochemistry
At 7 or 30 DPI, mice were euthanized using isoflurane and brains were harvested as described previously [20] . Mice were euthanized at 7 and 30 DPI, transcardially perfused with 4% paraformaldehyde (PFA) in 100 mM phosphate buffer (PB) and their brains were dissected. Serial coronal sections were cut through the brains at 40 μm thickness using a vibratome (VT1200S, Leica Microsystems, Inc., Bannockbum, IL, USA), and 120-150 tissue sections from each brain were sequentially collected and stereologically analyzed. Further details are provided in SI Materials and methods.
Transmission electron microscopy (TEM)
Tissue preparation and quantitative analysis
Sample preparation and TEM analysis were carried out as previously described [21, 22] . Full descriptions are available in SI Materials and methods.
Myelin sheath defects
Myelinated axons were distinguishable by the presence of the electron-dense myelin sheath. The observed myelin sheath defects were classified as: 1) redundant (excessive axonal myelination); 2) myelin balloon (bulges that are produced by splitting the myelin sheath layers); 3) myelin detachment (characterized by a hypodense peri-axonal space between the axon and myelin sheath); 4) myelin disruption (discontinuity of the myelin sheath) [22, 23] .
Mitochondrial abnormalities
Mitochondria were classified into healthy (compacted matrix cristae, continuous outer membrane, regardless of size or shape) or damaged (fragmented cristae with evidence of an expanded matrix compartment or disrupted outer membrane) [24] . Mitochondrial abnormalities within the neuropil were then further analyzed and classified based on their ultrastructural appearance into one of following categories: 1) swollen clear mitochondrion (SCM) with swollen mitochondria with clear matrix; 2) disappearance of cristae and/or discontinuous inner and outer mitochondrial membranes; 3) swollen dense mitochondria (SDM) with dense matrix and fragmented cristae; and 4) dark degenerated mitochondria (DDM) with electron dense content with disorganized cristae and/or shrunken size [25] .
Behavioral assessment
Behavioral tests after blast exposure were used to assess motor activities, anxiety levels, spatial learning and memory. We used Simple Neuroassessment of Asymmetric imPairment (SNAP), open-field, lightdark box, and nesting behavior tests for the short-term behavioral measurement; and Barnez maze tests for the long-term outcome assessment (Supplemental Fig. S1 ). Detailed descriptions are available in SI Materials and methods.
Data and statistical analysis
Statistical analyses were performed using Prism (GraphPad Software). Blast peak overpressure, positive phase duration and weather data are presented as Mean ± Standard Deviation (SD). The following pathological analysis and behavioral test data are presented as Mean ± Standard Error of Mean (SEM). One-Way ANOVA was used to compare differences among blast and sham groups in body weight measurement; open-field, light-dark box, and nesting behavior analyses; as well as silver staining measurement and TEM quantification. Two-way ANOVA was used to analyze SNAP, open-field and Barnes maze data. P values of post hoc tests for multiple comparisons were adjusted using the Tukey test. Bonferroni test was used to adjust for multiple comparisons specifically for Barnes maze test. Unpaired t-test was applied for comparison between any two groups. Differences were considered significant at P < 0.05 for all analyses, with * indicating P < 0.05; **, P < 0.01; ***, P < 0.001; and ****, P < 0.0001.
Results
Characterization of LIB exposure
Pressure time histories confirmed experimental approximation of the Friedlander waveform of the primary blast wave overpressure. Peak overpressure measurements were uniformly reproducible, with values of 6.76 ± 0.50 PSI (∼46.6 kPa) (n = 26), 4.62 ± 0.38 PSI (∼31.9 kPa) (n = 6), and 2.84 ± 0.10 PSI (∼19.6 kPa) (n = 8) for 3-m, 4-m, and 7-m distances away from blast, respectively. Positive phase durations were 2.82 ± 0.15 ms, 3.08 ± 0.12 ms, and 3.56 ± 0.15 ms for the three groups correspondingly (Table 1, Supplemental Fig. S2,  and Table S1 ). In addition to peak overpressures and short positive phase duration closely mimicking the ideal Friedlander wave, the recording of the pressure sensors showed a sharp rising time (duration of ambient pressure reached highest overpressure) within 6-9 × 10 −3 ms (Fig. 1B) . The dynamic blast impulses (Table 1 and Fig. 1C ) revealed a greater positive phase at 3-m (maximum impulse 8.69 ± 0.34 PSI × ms) as compared to 4-m and 7-m distances, as related to differentiating features of the blast 'primary peak' and 'ground bounce'. Pressure traces indicated that the secondary peak 'ground bounce' sustained both longer overpressure and enhanced impulse of blast exposures. Computational analyses revealed blast interactions with complex geometries based on recordings from the pencil pressure gauges on each animal platform (Fig. 1D) . The computed arrival time and peak pressure of the primary blast wave (illustrated in green) at the 3-m sensor (red circle) agreed well with experimental data. The secondary peak ('ground bounce') at 3-m corresponded with the third image from left in Fig. 1B and appeared to be a combination of the initial wave's 'ground bounce' along with spherical explosive's initial reverberation. These analyses provide novel insights into the blast forces and their mechanisms underlying open-field primary LIB exposures. Using current experimental procedures and timing, ambient weather conditions, including temperature (63.25 ± 8.65°F), humidity (69.00 ± 15.21%), and wind speed (10.00 ± 5.37 mph), did not cause variations in blast peak overpressure and positive phase duration Table S1 ). Using high-speed videography with the analysis of the coordinates among the anatomic marks, no apparent animal head or torso displacements were seen to occur during exposure to the primary blast wave (Supplemental Fig.  S4 ). These findings indicate that behavioral deficits and subcellular damage resulting from the LIB exposures were clearly related to a primary blast wave injury affecting brain tissue and its subsequent effects rather than by impact or accelerative forces. As previously described, there was no mortality or lung injury using this open-field LIB model [9] . Blast exposed animals recovered from anesthesia similar to sham controls.
Histopathology and immunohistochemistry of blast injuries
3.2.1. Brain H&E and GFAP staining As previously described [9] , no gross or light microscopic changes occurred with a peak overpressure of equal or less than 6.76 PSI (46.6 kPa). Hematoxylin and eosin (H&E) staining revealed no macroscopic damage or necrosis in brain tissue in 3-, 4-and 7-m blast groups at 7 DPI and 30 DPI (Supplemental Fig. S5 ). Glial responses appeared to be absent. To further investigate apparent paucity of astroglial responses at these exposure levels, we measured glial fibrillary acidic protein (GFAP) expression for astrocytes within different brain sub-regions (Supplemental Fig. S6 ). No significant differences in GFAP in corpus callosum (CC), hippocampal CA1, dentate gyrus (DG), and hippocampal CA3 brain regions between the 3-m and the sham control were seen.
Axonal injury after LIB exposure
Axonal injury in LIB-exposed animals occurred in the absence of macroscopic cell body damage. Degenerating axon-terminals and dendrites, with high affinity for silver (argyrophilia) were visualized on silver-stained tissue sections ( Figs. 2A and S7A ). Densitometric analyses by NIH ImageJ were performed for regions of corpus callosum & entorhinal cortex (CC&EC) (which reflect the axonal bundles connecting the cerebral hemispheres to facilitate interhemispheric communications), cerebral peduncle (CP) (which contains the large ascending and descending nerve tracts that run between cerebellum and pons), and fornix (which carries signals from the hippocampus to the thalamic nuclei). The silver stain intensities in 3-, 4-and 7-m blast groups were significantly higher than in the sham group at 7 DPI (Fig. 2) . The abnormalities at 7 DPI appeared to return to the sham control comparable levels at 30 DPI (data not shown). To examine the effects of blast wave transmission through the brain tissue, we compared the silver staining intensities of rostral and caudal cortical tissues in 3-m blast at 7 DPI (Supplemental Fig. S7B-D) . The silver staining intensities were higher in rostral as compared to caudal in 3-m blast group (Supplemental Fig.  S7E ). These findings suggest reduction of energy unloading from front to back during the transmission of the primary blast wave with greater damage to frontal brain areas.
Ultrastructural identifications of myelin defects and mitochondrial abnormalities
Based upon prior physical modeling of blast effects on water suggesting that mild blast-induced brain tissue damage would occur at nanoscale injury intervals [18] , we used TEM to examine ultrastructural blast effects. Normal myelin sheaths in sham control animals were observed in the CC, known for its high number of myelinated axonal bundles. These appeared as highly electron-dense formations with continuous and tightly wrapped myelin sheet around the axonal cytoplasmic membrane (Fig. 3A and B) . The 3-m LIB exposed animals exhibited significantly higher numbers of myelin defects at 7 DPI (Fig. 3H) . Myelin defects appeared as extensive split layers (Fig. 3C) , dense degeneration (pockets of dense cytoplasm and vacuole within the myelin layers) (Fig. 3D) , myelin ballooning (bulges produced by splits in the myelin sheath layers) (Fig. 3E) , myelin disruption (rupture of the myelin continuity) (Fig. 3F) , or myelin detachment (hypodense peri-axonal space between the axon and myelin sheath) (Fig. 3G) . These appearances returned to those of sham controls at 30 DPI (data not shown).
Striking mitochondrial damage occurred in 3-m LIB exposed animals. Healthy mitochondria in sham control animals appeared on TEM as round/ovoid shape structures with double membranes, parallel-organized cristae and dense matrix ( Fig. 4A and B) . After LIB exposure, we observed extensive mitochondrial abnormalities within the neuropil characterized as swollen clear (Fig. 4C ), swollen dense (Fig. 4D) , and dark degenerated mitochondria (Fig. 4E) . After 3-m blast animals both at 7 DPI and 30 DPI, significant higher numbers of mitochondrial abnormalities were persistently observed in cortex, hippocampus, and striatum ( Fig. 4F-H ).
Behavioral sequelae of blast injury
Neurological deficits after LIB exposure assessed by SNAP test
Using the current settings and 350 g of high-energy explosive C4, blast exposure did not cause significant weight loss over the time course of the observations as compared to sham controls (data not shown). Significant differences in SNAP assessments occurred as compared to 3-, 4-and 7-m blast groups and sham controls at 1, 3, and 7 DPI (Fig. 5A) , indicating that neurological deficits affecting coordination, motor strength, proprioception, gait and mental status occurred after LIB exposure.
Compromised novelty-induced motor activity and elevated anxiety levels after LIB exposure indicated by open-field test and light-dark box
The open-field behavioral test was used to assess locomotor activity and anxiety behavior. Locomotor activity, as measured by the total distance traveled during the test, exhibited significant differences between 3-m blast and sham control groups at 3 DPI (Fig. 5B) . Similarly, the 3-m blast group also showed a significant shorter distance traveled in the center of the open-field box, a measure of anxiety level, as compared to sham control at 6 DPI (Fig. 5C) . Additionally, when comparing the distances traveled by individual segments (minute by minute), the data showed that the mice in 3-, 4-and 7-m blast groups travelled significantly shorter distances in the first 2 min as compared to sham control at 3 DPI (Fig. 5D) , indicating onset of decreased locomotor activities after blast exposure.
The light-dark box assessed both novelty-seeking and anxiety-like behaviors in mice. The 3-m blast group showed a significantly lower number of transitions/crossings between compartments as compared to sham control (Fig. 5E ), indicating high anxiety in the 3-m blast group with a motor inhibition caused by the blast exposure at 5 DPI. Additionally, there was a significant decrease in the total distance traveled by mice exposed to blast at a 3-m distance as compared to sham animals, also suggesting reduced motor activity at this closer blast setting (Fig. 5F ).
Impaired activities of daily living after LIB exposure evidenced by animal nesting
Nest building, known to be sensitive to evaluate brain lesions, was used to monitor potential progression of neurobehavioral dysfunction [26] . At 3-4 DPI, the 3-m blast group had significantly lower nesting scores as compared to 4-and 7-m blast groups, and sham controls, while mice in all other three groups showed nest construction at similar levels (Fig. 5G) . The data indicated that the nesting behavior of mice after blast exposure at these intensity levels was compromised.
3.3.4. Spatial recognition memory after LIB exposure tested by Barnes maze task with reversal training From 22 to 29 DPI, Barnes maze to study spatial learning and memory revealed no significant difference between the 3-m blast and sham control groups in primary latency both in acquisition and reversal learning trials (data not shown). However, significant increases in primary errors (nose-pokes into non-escape holes) were observed both at acquisition day 3 on 25 DPI and reversal training day 2 on 28 DPI (Fig. 5H and I ). More importantly, in reversal learning phase from 27 to 29 DPI, the 3-m blast group showed a higher trend of latency as compared to the sham control. The data indicated that the current 3-m blast conditions induced particular spatial learning and memory deficits.
Discussion
With the large numbers of returning service members diagnosed with TBI, among whom 82.4% have been classified as mTBI, an urgent need exists to better understand the pathobiology underlying blast-induced neurological deficits and their linkages to blast physics [4] . Animal models are required, in the absence of human observations, to address these fundamental questions concerning the pathogenesis of primary blast injury simulating certain later effects of mTBI including anxiety and neurobehavioral dysfunction. While valuable data have been generated based on moderate to severe blast injury animal models, further investigations related to this more common mild concussive injury are needed. Our model employs an open-field detonation of a calibrated C4 explosive to generate low-intensity primary blast waves exhibiting a Friedlander waveform combined with an enhanced dynamic impulse due to the 'ground bounce'. The reflected shock wave interacts with the initial positive phase to produce a higher explosion impact in addition to the blast front in ambient atmosphere. High-speed videography confirms that open-field blast waves freely pass the animals with no apparent head acceleration/rotation or bodily movement. This level of blast energy exposure produced a LIB primary injury in the absence of detectable acceleration effects. Thus the resulting behavioral, pathological and ultrastructural consequences of the blast injury are, in all likelihood, attributable to the primary blast wave effects. Ideally this type of open-field modeling is capable of generating wide and precisely calibrated ranges of primary blast exposure(s). The openfield blast model allows scalable design to accommodate large animal exposures [9, 17, 27] .
The fundamental physics of blast detonation is the rapid chemical decomposition of an explosive into a shock front [9] . The resulting primary blast wave in air travels with supersonic speeds as one of the characteristics of blast waves. The biomechanical injury mechanisms Intensity of silver staining in CC&EC region in 3-, 4-, and 7-m blast groups at 7 DPI were significantly higher than that in the sham group. One-way ANOVA: P < 0.0001, multiple comparisons (Tukey); sham vs. 3-, 4-and 7-m at 7 DPI, P < 0.0001; 3-m at 7 DPI vs. 7-m at 7 DPI, P = 0.0082; n = 6 for 3-, 4-and 7-m at 7 DPI; n = 11 for sham. (C) Intensity of silver staining in CP region in 3-, 4-and 7-m blast groups at 7 DPI were significantly higher than that in the sham group. One-way ANOVA: P < 0.0001, multiple comparisons (Tukey); sham vs. 3-, 4-and 7-m at 7 DPI, P < 0.0001; 3-m at 7 DPI vs. 7-m at 7 DPI, P = 0.028. (D) Intensity of silver staining in fornix region in 3-, 4-and 7-m blast groups at 7 DPI were significantly higher than that in the sham group. One-way ANOVA, P < 0.0001; multiple comparisons (Tukey); sham vs. 3-, 4-and 7-m blast at 7 DPI, P < 0.0001.
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underlying low-intensity primary blast injury have been a challenge for researchers to define. Direct cranial transmission is one of the key mechanisms. When entering the body, the primary blast wave changes through interactions with the heterogeneous tissue elements causing dispersion, divergence and attenuation. This is due to the differences in acoustic impedance of tissue types / mediums. Acoustic impedence primarily determines the reflection and transmission of acoustic energy across boundaries of dissimilar density materials. As the shock wave impacting a denser material compresses it, and when it emerges from denser to lighter material it creates tensile deformations [11, 28, 29] . By transducing from air to the brain tissue, the blast pressure magnifies about 1.26 times as the original blast wave overpressure. However, reflection and focusing effects of blast wave appear to be insufficient to change the linear scale to smaller dimensions. If the concentration effects increase the shock intensity by 10 times, this only lowers the expected characteristic length scale of the damage to 0.1-1 mm as inferred in the original phonon water model; rather a damage range of 30-200 nm was predicted with peaks of ∼4 nm, roughly the size of cell membranes [18] . Based on this hypothesis, coupled with brain water composition and a closed intracranial space, a primary blast wave appears to generate specific vibrations at nanometer intervals capable of membrane disruption. We observed no macroscopic damage of the brain using H&E staining and no astrogliosis with no significant difference in GFAP expression as an indicator of subsequent astrogliosis between the sham and the 3-m blast groups. Previous studies using shock tubes with higher blast overpressures have shown sustained increase in GFAP expression after blast [30] . By contrast, a recent study using 74.5 kPa blast exposure also showed lack of chronic neuroinflammation in a rat model of repetitive blast injury [31] . A possible explanation for the discrepancy among these findings and our results may relate to the relatively LIB exposure as well as the prone facing animal body position frontal to the explosive source. Our most-intense LIB overpressure (46.6 kPa at 3-m distance) is much lower than the blast intensity other studies reported (over 100 kPa) [30, 32, 33] . Our present experimental design focused on generating LIB exposure scenarios as soldiers are often exposed to such lower levels during deployment or combat exercise. The effects of LIB exposures and primary blast injury have been controversial. A possible reason for not seeing sustained astrogliosis is that our animals were exposed a prone position facing blast with their head and body longitudinally oriented along the direction of shock wave propagation. Soldiers in combat may be prone but also more commonly exposed an upright position facing with their torso toward the front of an incoming shock wave [34] . Prior studies have shown the blast exposure causes more severe damage when the body is in upright as compared to prone position [34, 35] . In these instances, kinetic energy transfer of the primary blast wave may progress through multiple organs and organ systems, including fluid medium (blood) in large blood vessels in the abdomen and chest, finally transmitting pressure into the vessels of the brain [32] . Additionally, shock wave energy transfer into the body can induce systemic injury responses that negatively influence the brain's response to blast. Previous findings using different animal models and varying exposure scenarios also implicated oxidative stress, vascular changes, inflammation, altered cell adhesion, neuronal, and glial damage/loss in the pathobiology of primary blast injury [32, 37] . These findings provided an important basis to our current study. Future directions to assess those temporal profiles of markers may better characterize certain metabolic and systemic responses triggered by primary blast injury. In the current experiment, the ultrastructural damage occurring in the prone position provides a novel insight into the brain tissue damage per se in the absence of torso effects.
Injury patterns in the brain after blast exposure are known to be heterogeneous: these include cerebral vasospasm [36] , hemorrhage [37] , elevated intracranial pressure, and axonal injury with disruption across networks [38] , among other effects. In contrast to focal injury, axonal injury occurs in a widespread area and has emerged as one of the most common and important pathological features of TBI [39] . Axons in the white matter, especially at CC, internal capsules, brainstem, CP, and fornix appear to be particularly vulnerable to this type of injury due to the blast energy mechanical loading of the brain during TBI [39] . We have identified different degrees of axonal injury in CC&EC, CP, and fornix detected by silver staining after 3-m, 4-m, and 7-m blast at 7 DPI. These injuries occurred in the absence of macroscopic cell body damage as indicated by the H&E staining. We also observed concomitant ultrastructural axonal injuries and myelin sheath defects by TEM observation and quantification in CC region in the 3-m group at 7 DPI. We noted progressively increasing intensity of silver staining from the rostral to the caudal cortex of the brain demonstrating that the degree of axonal injury decreases as the pressure wave propagates through the brain from front to back reducing energy. These findings also suggest known links between the clinical frontal lobe injury and behavioral deficits after blast exposures [13, 40] . In this study, we found no evident axonal injury and myelin sheath defect after LIB exposure at 30 DPI suggesting possible regression of axonal damage. Existing evidence from other related research have also shown possible axonal injury recovery after TBI [41] . In this animal model, due to the blast exposure at very low intensity, healing of damaged axons may have occurred by 30 DPI. Potential mechanisms may include replacement of the damaged cytoskeleton, including turnover of microtubules or neurofilaments, and the known process of remyelination [38, [41] [42] [43] [44] . These findings require further quantitative studies for confirmation.
The striking mitochondrial abnormalities in the cortex, hippocampus, and striatum of animals exposed to blast at 3-m distance both at 7 DPI and 30 DPI in response to primary LIB exposure in the absence of cell necrosis are unique observations. To the best of our knowledge, this is the first report of unique mitochondrial damage observed by TEM induced by a low-intensity primary blast. Acute mitochondrial damage after blast exposure may lead to or be caused by oxidative stress, decreased cellular energy production, later apoptosis, and impaired neurological function [45] . Blast-induced ultrastructural damages of subcellular organelles have been reported during the acute injury phase after blast [46] . In the present study, damaged mitochondria appear as those with loss of mitochondrial internal cristae, including SCM (low electron dense mitochondria matrix), SDM (high electron dense matrix and swollen intact or fragmented cristae), and DDM (high electron density of matrix and membranes) [25] . Mitochondrial damage frequency after 3-m blast exposure was unevenly distributed among different brain regions: hippocampal mitochondria were more vulnerable at 7 DPI as compared to cortex and striatum, however damaged cortical mitochondria persisted at 30 DPI. Persistent mitochondrial dysfunction and elicited oxidative stress appear to be intimately involved in the pathogenesis of neurodegenerative diseases [47] . This type of subcellular injury may be one of the possible mechanisms accounting for an increased risk of dementia after moderate to severe TBI [48, 49] . Overall, our current findings have identified varying degrees of axonal injury and mitochondrial damage at 7 DPI and 30 DPI as a result of lowintensity, non-impact, non-accelerative blast injury. Future experiments, using increased level of blast exposures, repetitive blasts, and long-term observations, will better characterize linkages between primary blast injury and later chronic mTBI effects and neurodegenerative diseases, as well as providing insights into pathogenic mechanisms. Future investigations are in progress to assess mitochondrial biochemical changes caused by primary blast injury and characterize the potential mitochondrial functional impairment and bioenergetic failure.
Varying neurobehavioral outcomes have been reported following blast-induced mTBI both in clinical and basic research. Clinical reports describe post-concussive stress and depression symptoms along with worse cognitive performance in subjects with blast-induced mTBI, both in acutely (0-7 days) and in long-term (6 months to 5 years) follow-up [50] [51] [52] . Additional reports confirm that mTBI is positively associated clinically with depression and increased anxiety levels [53] . Animal studies using blast exposures have shown various degrees of motor, anxiety, memory and learning dysfunctions. These have been identified to occur both in short-term (0-7 days) and long-term (> 2 weeks) [9, 37] . Our study demonstrates acute neurological dysfunction, (A) Neurological status evaluated by SNAP tests on 1 DPI, 3 DPI, and 7 DPI. Two-way ANOVA, P < 0.0001 for interaction, all comparisons were performed between blast and sham group on the same DPI; n = 24 for sham, n = 27 for 3-m, n = 9 for 4-m, and n = 12 for 7-m blast. (B) Open-field test on 3 DPI. Significant difference was identified between 3-m blast and sham groups on total distance traveled. One-way ANOVA: P = 0.0016; n = 24 for sham, n = 27 for 3-m, n = 9 for 4-m, and n = 12 for 7-m blast groups. (C) Open-field test on 6 DPI. Significant difference was identified between 3-m blast and sham group on distance traveled in the center. One-way ANOVA: P = 0.0492. (D) Significant differences were shown among 3-, 4-and 7-m blast, and sham groups when comparing the total distance traveled by time segments (1 min). Two-way ANOVA: P < 0.0001 for interaction, black * indicated comparison between any blast group and sham; orange * indicated comparison between any blast group and 4-m blast group; green * indicated comparison between any blast group and 7-m blast group. The corresponding * was place under each group. (E-F) Light-dark box test on 5 DPI. Significant differences were identified between 3-m blast and sham group on number of crossing (E) and total distance traveled (F). One tailed unpaired t test, P = 0.0181 for E and P = 0.0314 for F; n = 12 for sham, and n = 15 for 3-m blast. (G) Animal nesting test. Significant lower nesting scores were identified between 3-m blast and sham, 4-and 7-m blast groups at 3-4 DPI (One-way ANOVA: P < 0.0001; n = 24 for sham, n = 27 for 3-m, n = 9 for 4-m, and n = 12 for 7-m blast groups), whereas no difference was shown among other group's comparisons. (H-I) Barnes maze with reversal training assessment. Significant increases of primary errors were identified both at acquisition day 3 (H) and reversal training day 2 (I). One tailed paired t test, P = 0.0245 for H and P = 0.0327 for I. decreased motor activity, increased anxiety, compromised nesting behavior, and mild spatial learning-and memory deficits in animals caused by a defined low level of explosive blast at ∼46.6 kPa. Our results show persisting behavioral dysfunction with some degree of functional recovery of acute outcomes of blast in mice up to 30 DPI. Similar findings have been reported with blast intensity at 74.5 kPa [9, 54, 55] . Importantly, major neurobehavioral deficits were observed only in the most intense 3-m LIB exposure group, but not in the 4-m and 7-m blast groups indicating a graded response of neurobehavioral changes to the intensity of blast exposure. Specifically, the 3-m blast animals sustained ∼6.8 PSI overpressure with an impulse of ∼8.7 PSI × ms, which is significantly higher than the 4-m exposure with an approximately 4.6 PSI overpressure with a 6.9 PSI × ms impulse and the 7-m exposure (overpressure: 2.8 PSI, impulse: 4.3 PSI × ms) (Supplemental Fig. S2 and Table S1 ). These associated behavioral changes appear to comport with observed ultrastructural findings. The present open-field blast setting is above 5 PSI, an known threshold for the rupture of the tympanic membrane in humans [56] and of the blast capable of inducing neurobehavioral impairments in our study with an impulse > 7 PSI × ms, a dynamic measure of blast exposure. Additional studies to define full-scale intensity dependence [57] between the blast overpressure/impulse and additional cognitive and behavioral outcomes are needed. As loss of consciousness is an important outcome for evaluating mTBI and posttraumatic stress disorder-related symptoms after blast exposure, studies using ethically approved animal protocols to assess blast effects in concious, (possibly sedated animals) may be indicated. Such studies may employ enhanced behavioral testing including novel object recognition, prepulse inhibition, contextual and cued fear conditioning [54] . Blast-induced mTBI often remains under-diagnosed due to the lack or subtle symptoms immediately after exposure as well as negative findings on conventional imaging [58] . Thus, clinical diagnosis is commonly delayed and based upon self-reports [50] . Our TEM findings indicate that, nanoscale ultrastructural damage predicted by the phonon hypothesis may be one of the main causes of primary LIB injury [18, 19] .
Conclusions
Our current observations demonstrate that primary LIB injury comprises an 'invisible' injury by the absence of the macroscopic damage or necrosis in the presence of nanoscale ultrastructural injuries accompanied by neurobehavioral dysfunctions. We describe a highly reproducible open-field primary LIB injury animal model which can be scaled up for larger animals without the limitations imposed by shock tube dimensions. Additionally, the resulting neurobehavioral outcomes, pathological identifications, and ultrastructural assessments related to the primary blast wave quantitatively link blast injury magnitude to fundamental biological alterations. Further research is needed to identify specific cellular and neurological changes associated with primary blast, elucidate differences between blast and non-blast TBI, and provide insights into prevention and treatment of blast-induced mTBI.
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